epileptogenic disturbances, the most common of which is benign rolandic epilepsy (also known as benign epilepsy in childhood with centrotemporal spikes [BECCTS] ). This form of the disease is a self-limiting epileptic syndrome beginning in childhood that typically disappears within months to years of diagnosis in children. 1, 23 For these children, anticonvulsants will control daytime seizure activity. There is no role for surgery in typical BECCTS.
We have previously described a less common, but more malignant rolandic epilepsy syndrome in childhood. 32 Children with this syndrome have the following: sensorimotor seizures arising from the rolandic region, disease refractory to medical intervention, normal findings on imaging studies, cognitive difficulties, and central epileptic spike wave disturbances found on EEG and unilateral spike clusters on MEG. Because of the intractable nature of this form of epilepsy, and because of our concern with creating significant neurological deficits if the central epileptogenic zone were resected, we had performed MSTs through the rolandic region in such patients. 4 Theoretically, this technique preserves the vertical functional pathways while eliminating the horizontal seizure propagating pathways. However, although there was an initial early response to MSTs in these patients, the results were not durable, and seizure outcomes were less than satisfactory over time. 4 Similar results with MSTs have been reported by several other groups. 48, 50 It was because of our highly variable experience with MSTs for rolandic epilepsy that we began to perform cortical resections in the rolandic region in attempts to obtain better seizure control in these children. The decision to perform resection in the rolandic region is difficult to make, particularly if there is a risk of a new or worsened neurological deficit postoperatively. As a result, we have undertaken the present review of our experience with primary cortical resections through the rolandic region in 22 children with intractable epilepsy treated at The Hospital for Sick Children with special attention to seizure and functional outcomes.
Methods

Patient Population
Between January 2000 and December 2006, we identified 22 children with intractable epilepsy who underwent cortical resection in the rolandic region following invasive subdural grid monitoring and invasive video-EEG. Patients with lesions and/or epileptogenic zones involving partially or entirely the pre-and/or the postcentral gyri were included. Patients who underwent MSTs primarily or solely and patients who underwent hemispherectomy ab initio were excluded from study here.
Presurgical Evaluation
All children had intractable epilepsy and seizure onset in the rolandic region. In all patients treatment with multiple anticonvulsive drugs had failed. Prior to invasive video-EEG, all children had been evaluated with scalp EEG, MR imaging, fMR imaging, and MEG. Twenty-one children underwent prolonged video-EEG monitoring (BMSI System 4000 and 5000, Nicolet; Harmonie 6.2, Stellate). Selected patients underwent FDG-PET scanning and/or SPECT. Formal neuropsychological tests were performed on cooperative patients and those in whom evaluation was possible. Wada testing, fMR imaging, or MEG was used to determine hemispheric language lateralization prior to surgery in selected cases.
Magnetic Resonance Imaging
In all cases brain MR imaging was performed in a 1.5-T General Electric Medical unit. Our epilepsy protocol has been reported previously and includes the following sequences: sagittal T1-weighted images; axial and coronal dual-echo T2-weighted images; coronal FLAIR; and coronal volumetric 3D fast spoiled gradient recall sequence. 3 In children < 2 years of age, longer echo times (50-100 msec) were used on proton density and T2-weighted images to improve evaluation of myelination. If a neoplasm was suspected, Gd-based contrast was injected intravenously.
Magnetoencephalography Studies
Magnetoencephalography studies involving a wholehead gradiometer Omega 151-channel system (VSM Med Tech Ltd.) were performed in all patients. The details of MEG reported in this study, including methods of detection, localization, and analysis of sources of interictal MEG spikes, have been previously published. 21, 30, [33] [34] [35] Briefly, EEG data were collected simultaneously with the MEG recording that involved 19 electrodes and with at least 15 2-minute periods of spontaneous data. The sampling rate for data acquisition was 625 Hz with a band pass filter of 3-70 Hz and a 60-Hz notch filter. Epileptic events (spikes) were visually identified by examining MEG recordings and cross-referencing them with the simultaneous EEG results. The MEG spikes were occasionally observed without corresponding EEG spikes. Using SEFs on MEG, we localized the somatosensory cortex from evoked fields (N20 peak) on each hemisphere after stimulation of the contralateral median nerve at the wrist. Averaging of 400 trials at a 5-Hz stimulation rate and a 2500-Hz sampling rate was used. Our definition of a clinically significant MEG spike cluster has been previously reported. 21 
Positron Emission Tomography Scanning
To examine cerebral metabolism in selected patients, we used interictal FDG-PET scans. In children in whom sedation was not used, the interictal FDG-PET scans were obtained using a GEMS 2048 system (Scanditronix). We analyzed a set of 15 slices, 6.5-mm slice thickness, spaced apart by 3.5 mm with a spatial resolution of 5 mm. In younger children who required sedation, interictal FDG-PET scanning was conducted using an ECAT ART system (CTI-Siemens). Here, we analyzed a set of 47 continuous slices, with a 3.5-mm slice thickness. The intravenous dose of FDG was 0.07 mCi/Kg. Scanning of the brain was undertaken 40 minutes after the injection.
Subdural Grid Placement
Subdural grids (Ad-Tech Medical Instrument Co.) were custom made for each patient using data from the semiology of the seizures, interictal and ictal scalp EEG recordings, interictal spike sources, and SEFs documented by MEG. Grid size was ultimately determined by 3D MR imaging as previously reported. 7 The electrodes were 5 mm in diameter, embedded in a silastic sheet with center-to-center interelectrode distances ranging from 10 to 13 mm. In several cases, ipsilateral subdural strips and depth electrodes were placed to capture ictal data from greater regions of the hemisphere than could be provided by the subdural grid per se.
For grid placement, a generous craniotomy was fashioned, the bone flap removed, and a large M-shaped dural opening based on the sagittal sinus was made (Fig. 1A) . We first identified the central sulcus indirectly by determining the inversion polarity (phase reversals) on somatosensory evoked potential recording after median nerve electrical stimulation (Fig. 1B) . Then, confirmation of the precentral (motor) gyrus was achieved using direct cortical stimulation with either 50-Hz bipolar biphasic pulses (duration 0.2 msec) for up to 15 seconds per train (starting intensity 2 mA, increased by 2 mA at a time, and up to 20 mA maximum) or, more recently, with direct monopolar stimulation of the motor cortex with a train-of-5 consecutive pulses, an interstimulus interval of 4 msec, an individual pulse width of 0.5 msec, and up to a 20-mA stimulation intensity. Seizures precipitated by direct cortical stimulation were stopped by irrigating the cortex with ice-cold saline as described. 47 Following the identification of the central sulcus, as well as elements of the motor cortex, frameless stereotaxy (ISG Technologies or BrainLAB) was used to confirm the location of the SEF as determined by the preoperative MEG, and to mark the boundaries of an MEG spike cluster as described ( Fig. 1C and D) . 19 For each patient, the subdural grid was then placed on the cortical surface, and supplemental strip electrodes were placed as required. Supplemental depth electrodes were placed, using frameless stereotaxy, in the mesial temporal lobe or into a region of an MEG spike cluster. An image of the final operative field with subdural grid, strips, and depth electrode placements was then captured with a digital camera (Fig. 1E) . 42 To prevent displacement, the grid was sutured to the dura mater at 2 points. The dura was then closed with large dural grafts, and the bone flap was hinged superiorly. Individual cables were then tunneled separately through the scalp away from the incision, and secured in place with purse-string sutures. Collodion was applied to the exit sites as a sealant. No drains were used. A bulky head dressing was applied.
Invasive Video-EEG Recording
A plain skull radiograph and a head CT scan were obtained immediately after surgery to verify grid placement. Antiepileptic medications were usually reduced, and a combination of cefotaxime and vancomycin was used during the perioperative period. Mapping of motor, sensory, and language functions was performed in 1-2 sessions on the 3rd or 4th day after grid implantation. Stimulations were delivered with 50-Hz biphasic pulses (pulse duration 0.2 msec) up to 25 seconds in duration in 1 train. Pulses were given to electrode pairs at an initial intensity of 2 mA and increasing by 1-2 mA to a maximum of 20 mA. We used the distance reference technique described by Lesser et al., 26 which stimulates between a target electrode in the area of interest and a reference electrode situated at the periphery of the subdural grid array. The stimulation was paused as soon as clinical responses or clinical seizures were noted. The EEG activity was recorded simultaneously and monitored by the physician, using referential montage to detect an afterdischarge. Once enough ictal events, with appropriate semiology, were captured, a seizure map was created to facilitate resection of the ictal onset zone (Fig. 1F) .
Grid Removal and Cortical Resections in the Rolandic Region
After obtaining sufficient data regarding functional cortex and regions of epileptogenesis, the subdural grid was removed and epileptic regions were resected. A subpial resection method was used, preserving the draining veins and incidental arteries where possible (Fig. 1G ). In some cases in which the postcentral gyrus was being resected, and the premotor cortex was not, a 4 × 1 electrode array was positioned on the motor cortex for continuous (train-of-5) stimulation and monitoring of the corticospinal tract (duration 0.5 msec, interstimulus interval 4 msec, and intensity up to 20 mA) (Fig. 2) . 44, 45, 51 Completeness of resection of the epileptogenic zone was judged based on the intraoperative MEG/neuronavigation data, intracranial video-EEG, and intraoperative ultrasonography findings. Closure of the craniotomy and wound was then performed as described previously, and the patients were monitored for 1 night in the intensive care unit before being discharged to the neurosurgical ward. To assess the extent of resection, a CT study was performed in the first 24 hours in all patients.
Postoperative Seizure Outcome
Postoperative seizure control was classified using the Engel scheme: 13 Class I, seizure free postoperatively; Class II, rare disabling seizures; Class III, worthwhile improvement; and Class IV, no worthwhile improvement.
Neurological Outcome Rating
Postoperatively all children underwent thorough examination to assess neurological status and to characterize their recoveries. In all children, complete early examination (within 7 days of surgery) and delayed examination (3 months-8 years) were conducted after surgery. As cortical resection during epilepsy surgery can result in a localized brain injury, neurological outcome was assessed in all patients using the PSOM, which has been validated previously in children who have suffered acute ischemic stroke or sinovenous thrombosis. 10, 11 For the PSOM, the patient is assigned a deficit severity score ranging from 0 (no deficits) to 2 (severe deficits) in each of 5 spheres examined (right sensorimotor, left sensorimotor, language production, language comprehension, and cognitive and behavioral performance); the maximum overall score is 10. The neurological exam was performed by a neurosurgeon (M.B.) who had been trained to administer the PSOM. A large craniotomy has been performed to allow grid placement over the left hemisphere centered on the rolandic region. B: Higher-magnification intraoperative photograph showing the letter "A" positioned on the SEF as determined by MEG using neuronavigation. A 4 × 2 electrode array has been used to document the position of phase reversals to corroborate the location of the SEF and to identify the central sulcus. C: Utility of neuronavigation to place markers around the preoperatively determined MEG spike cluster. The MEG spike cluster is shown in green (arrow). Letters are placed on the brain around the spike cluster as determined by frameless stereotaxy (Fig. 1D) . D: Intraoperatively determined landmarks before subdural grid placement. A = MEG SEF; B, D, F, H = boundaries of spike cluster as determined by frameless stereotaxy; G and E = motor arm and hand using 10-mA direct cortical stimulation; I = extension of MEG spikes to inferior frontal region. E: Intraoperative photograph depicting the final position of the subdural grid and 2 depth electrodes placed into the mesial structures of the left temporal lobe. F: The rolandic epilepsy surgery plan. Based on extraoperative ictal recordings of typical seizure events, the area enclosed within the yellow lines was the proposed site of resection. Note that this includes portions of the somatosensory and motor cortex. G: Intragyral resections according to the epilepsy surgery plan were undertaken of the cerebral cortex to spare the draining venous pattern. The electrocorticography grade after resection was classified as A.
Motor Deficits
Individual muscle strength was assessed using the MRC 6-point scale (Grades 0-5) as previously described. 49 Muscle tone was assessed using the modified Ashworth Scale. 5 
Data Analysis
For the determination of factors that predict seizure outcome, statistical tests were used for several clinical variables in patients for whom the minimum follow-up period was 2 years. These clinical variables included the following: 1) age at seizure onset; 2) seizure duration before surgery; 3) age at surgery; 4) seizure frequency; 5) predominant seizure type including presence or absence of status epilepticus; 6) the presence of secondary generalization; and 7) histological features (for example, lesional versus nonlesional status). Each of these variables was placed in a univariate logistic regression analysis, with the dependent variable being whether the outcome achieved was Engel Class I or II. To avoid difficulties with artificial cut points, multiple comparisons, and statistical power, we did not dichotomize continuous variables. In this analysis, a p < 0.05 was used to indicate statistical significance. All analyses were undertaken using the 10.0 version of Stata software (StataCorp). Table 1 provides a summary of patient demographics including sex, age at onset of seizures, age at time of surgery, developmental status, hand dominance, and the results of preoperative neurological and neuropsychological examinations. There were 22 children in total (10 girls and 12 boys). The mean age at onset of seizures was 38 months, the mean age at the time of surgery was 10 years, and the mean seizure duration prior to surgery was 7.4 years. A mild hemiparesis was identified preoperatively in 9 children. Three patients had undergone previous surgery (1, a temporal lobe lesionectomy; 1, MSTs in the rolandic region; and 1, a brain biopsy to establish a diagnosis prior to resection). Neuropsychological examination demonstrated significant global delay in 5 children; moderate impairments in 5; and mild impairments in 12. In no child who underwent testing were the results of neuropsychological examination completely normal.
Results
Patient Population
Seizure History
All children suffered from intractable epilepsy. Most children experienced numerous seizures each day ( Table  2 ). The mean number of seizures per day for the group was 21. The mean number of seizure types was 2.5 per patient. The preoperative interictal and ictal EEG recordings identified the rolandic region as the site of origin of the seizures in nearly all patients. All patients but 1 underwent video-EEG monitoring prior to surgery. The single patient who was not monitored in this fashion had a cavernous malformation in the rolandic area with a confirmatory interictal EEG monitoring and obvious spike wave sources from the lesion on MEG. The patients had tried numerous previous medications in efforts to gain seizure control. The mean number of anticonvulsants tried before surgery per patient was 6, and the mean number of anticonvulsants used per patient at the time of surgery was 3. Three patients underwent emergency surgery for status epilepticus. In 1 patient, the ictal and the interictal EEG yielded discordant data; however, the MEG localized an interictal spike wave disturbance to the left hemisphere. This patient underwent bilateral strip electrode placement to confirm the hemispheric lateralization prior to resection in the rolandic area.
Diagnostic Imaging Results
Magnetic Resonance Imaging. All patients underwent epilepsy-protocol MR imaging prior to surgery (Table 3) . Lesions were identified or suspected on MR imaging in 19 patients. In 3 patients, the MR images were reported to demonstrate normal findings. In 11 patients, preoperative MR imaging suggested a diagnosis of focal cortical dysplasia. Other MR imaging-identified lesions included polymicrogyria, heterotopias, cavernous malformation, DNET, cortical tuber, and nonspecific signal changes ( Fig. 3A-D) . Functional MR imaging was performed in 11 children. Left-sided language dominance was suggested in 5 patients, right-sided language dominance in 1, and bilateral language activation was seen in 4. In 1 patient, the fMR imaging results were unreliable due to young age of the patient.
Wada Testing. Wada testing was performed in 3 children in whom knowledge of hemispheric language dominance was sought prior to surgery. All 3 patients had language localization to the left hemisphere.
Positron Emission Tomography and SPECT. Positron emission tomography scanning was performed in 7 patients. In 2 children the PET scan showed normal findings, but in 4 patients hypometabolism was demonstrated on the affected side. In 1 patient, the PET scan was inconclusive. Three patients underwent SPECT scanning; in 2 results were normal, and in 1 diffuse uptake in the affected hemisphere was found.
Magnetoencephalography. All 22 patients underwent MEG studies during presurgical evaluation. In 20 patients the spike discharges on MEG were localized to the rolandic region, in 1 patient no spike clusters were observed ( Fig.  4A-D) , and in 1 patient the spike cluster was diffuse and extended beyond the Rolandic region. In 20 patients the MEG spikes were lateralized to the epileptogenic hemisphere. In 1 patient with a normal MR imaging finding (Case 6), the decision to go ahead with invasive monitoring was aided by the MEG findings, which showed a left rolandic spike cluster. In 5 children, there was ipsilateral activation of the corticospinal tract to varying degrees. In no child was there ipsilateral activation of the SEF. 
Invasive Monitoring
One patient (Case 1) with a postcentral cavernoma underwent lesionectomy as a single-stage procedure. Twentyone patients underwent invasive monitoring after subdural grid placement. The mean number of contact electrodes of the subdural grids was 99 (range 48-124). In 14 patients, depth electrodes were used and inserted into the mesial temporal structures, the MEG spike cluster, or a structural abnormality as seen on frameless stereotactic MR imaging, as described. 19 The mean duration of invasive monitoring was 4.2 days (range 3-7 days). All children who were monitored had numerous characteristic seizures during the monitoring period on which to base the neurosurgical plan.
Cortical Resections
The type and extent of rolandic cortical resections that were performed are summarized in Table 4 . In 19 children, the cortical resection was confined to the rolandic region * CPSz = complex partial seizure; GTC = generalized tonic-clonic; S+W = spike and wave; TC = tonic-clonic.
and adjacent cerebral cortex. In 3 children (Cases 17, 18, and 21), small discontinuous corticectomies were performed in addition to the rolandic cortical resection. Despite extensive resections through the rolandic regions, only 4 patients had direct resections through motor hand area. All 4 patients had disease (cortical dysplasia or polymicrogyria) in this region. In 2 patients (Cases 19 and 22), the motor hand area could not be determined by extraoperative mapping despite several attempts. These 2 cases were young children in whom cooperation with motor task paradigms was limited. Cortical resections through motor face area were performed in 11 patients. Resections through the somatosensory cortex were undertaken in 19 patients.
Neuropathological Findings
The neuropathological findings of the specimens removed at surgery in the 22 patients are shown in Table 4 . All patients had a neuropathological diagnosis established using the resected specimens. The diagnoses were cortical dysplasia in 12; gliosis in 3; polymicrogyria in 2; and DNET, cavernous malformation, microdysgenesis, tuber formation, and diffuse astrocytic inclusions in 1 each.
Postoperative Complications
There were no postoperative deaths (Table 4) . One child (Case 6) underwent delayed reinsertion of the cranial flap at 5 days postresection due to postresection cerebral edema. One child (Case 7) had delayed neurological deterioration at 5 days postoperatively that was related to edema in the surrounding resection area, as documented on CT/MR imaging (Fig. 5) . Corticosteroids were administered, and status in this child improved to its baseline level. Two children had wound healing issues and required debridement and revi- sions of their scars. There was 1 cranial bone flap infection requiring removal of the bone flap and secondary reconstruction of the calvaria in a delayed manner.
Neurological Outcome
Twenty children exhibited an immediate postoperative weakness. In 9 children in whom there was a preoperative hemiparesis, the degree of weakness was worse immediately postoperatively. In 10 children without motor weakness before surgery, hemiparesis resulted of varying degrees (Table  5) . Dysphasia or word-finding difficulties were identified in 4 children in whom cortical resections were in proximity to known language pathways in the dominant hemisphere. A homonymous hemianopsia was documented in 1 patient.
Functional Recovery
In the 6 children with mild hemiparesis (MRC Grade 4/5) following surgery, grades in all had improved to their preoperative level by the time of the patients underwent delayed neurological examinations at 3-6 months. On detailed sensory testing, 3 of these children were documented to have mild dysfunctions of graphesthesia, proprioception, or 2-point discrimination that was self-limiting and of no functional importance to the patient.
In 13 children with moderate to severe hemiparesis after surgery (MRC Grade 2-3/5), there was improvement in arm and leg function in all children by the time of their delayed examination. All children were ambulating independently without assistance or orthotics. As expected, these patients exhibited brisk tendon reflexes and increased tone in the affected arm or leg, as documented on the modified Ashworth Scale and the PSOM. Graphesthesia, lack of 2-point discrimination, and impaired proprioception of the affected arm or leg were noted in 7 of these patients. No Coronal FLAIR MR image through the left rolandic region in a child with a lesion that was diagnosed preoperatively as a DNET and which was confirmed on neuropathological examination. E: Case 13. Coronal T2-weighted MR through the rolandic region in 10-year-old boy showing blurring of cortical ribbon and high signal change. The lesion was diagnosed on MR imaging as cortical dysplasia, which was confirmed neuropathologically. child experienced a complete Gerstmann syndrome following resection in the dominant parietal lobe. There were 5 children in whom motor hand function was impaired and did not return to normal. In 2 of these children the hand is completely nonfunctional, whereas in 3 some useful function has been preserved. Language disturbances had returned to baseline by the time of the delayed examination in all 4 children in whom it was disturbed postoperatively. In follow-up at various intervals, there were 3 children with upper motor neuron facial palsies that improved but were noticeable with active facial movements.
Seizure Outcome
More than 2 years of follow-up data are available for each patient in the study (Table 5 ). The mean follow-up period of the 22 patients is 4.1 years. Seizure outcome was Engel Class I in 14 patients (63%), Engel Class II in 4 (18%), Engel Class III in 2, and Engel Class IV in 2. In 1 of the patients with Engel Class IV seizures, status was converted to Engel Class I after failure of the rolandic cortical resection but success of a hemispherectomy (Case 22). Although only 1 patient has stopped using all antiseizure medications, most children have reduced the number of anticonvulsant drugs taken. Interestingly, the postoperative EEG in patients in whom evaluation was possible showed persistent central or rolandic spike waves in 10 children with Engel Class I seizure outcomes (Table 5) .
In this series, seizure outcome following perirolandic resection was intimately related to the child's age at the time of surgery. The OR for patient age at the time of surgery was 1.50 (95% CI 1.05-2.14, p = 0.024). The duration of seizures prior to surgery may also be an important predictor of postsurgical outcome. In univariate analysis, those with a more protracted seizure history exhibited a trend toward an improvement in a favorable seizure outcome, with an ~ 42% increase in the odds of an Engel Class I/II outcome for every year that seizures occurred preoperatively (OR 1.42, 95% CI 0.96-2.08, p = 0.077).
Discussion
We have reviewed our experience with the resection of lesions and epileptogenic foci in the rolandic region of 22 children with intractable epilepsy. Children with this form of intractable rolandic epilepsy are characterized by young age at the time of seizure onset, a long history of seizures prior to surgery, and a failure to control seizures despite multiple anticonvulsant medications. Nine chil- dren had a preoperative hemiparesis. The resected specimens in all cases yielded a neuropathological diagnosis in all cases even though there were 3 patients in whom MR images were reported to demonstrate normal findings. Some of these diagnoses included cortical dysplasia, polymicrogyria, gliosis, microdysgenesis, and low-grade brain tumors. Following surgery, 20 children had mild to severe hemiparesis that recovered to varying degrees over time. Fourteen children are seizure free (Engel Class I) at > 2 years postoperatively. In this cohort of patients with intractable epilepsy, favorable seizure outcome was associated with patient age at the time of surgery, with older children faring better than younger children. This finding is likely reflective of the underlying anatomical and neurophysiological basis of the seizure disorder in these children. It is possible that the younger children in our series manifested a seizure disorder that was more diffuse in origin than that in older children, and one that was less amenable to focal cortical resection for cure. The 4 young children here with Engel Class III or IV outcomes had either extensive cortical dysplastic lesions or diffuse neuropathological processes (for example, astrocytic inclusions [see below]) that went beyond the MR imaging abnormality or the margins of planned cortical resection. One of these children underwent hemispherectomy, and another one was recommended for hemispherectomy.
There have been several previous reports on the excision of epileptogenic cortex from the central or rolandic region. 20, 22, 31, 40, 43 Interestingly, many of these are from an era in which sophisticated brain mapping techniques were unavailable or limited. The first such case is ascribed to Victor Horsley in 1887. 20 Horsley and others have noted variable control of seizure activity as well as a considerable degree of return of function to the paralyzed part after surgery. In 1935, Sachs 43 reported on the excision of the motor cortex in 11 patients, 8 of whom had epilepsy. In 1938, Furlow 14 added 5 additional cases to the literature. Pilcher and colleagues 38 performed large corticectomies involving the sensorimotor cortex, using cortical stimulation mapping in 41 patients with lesional and nonlesional epilepsy. The majority of these patients were < 30 years of age in this series, and 18 were < 12 years of age. Cortical mapping was performed using electrical stimulation in patients who were given local anesthetic. Seizures were provoked by this technique in several patients. When the desired area was identified, subpial resection of the cortex was conducted. 38 The patients generally did well with ~ 50% having persistent neurological deficits and 20% having a seizure-free outcome. In the same year, Penfield and Rasmussen 37 reported their results of large resections in the precentral gyrus, which produced a complete immediate paralysis followed by spasticity but improvement in distal limb function with minor return of distal finger/toe movements 1 year later.
A contemporary series by Pondal-Sordo et al. 39 describes seizure outcomes in 53 patients who underwent perirolandic resections between 1979 and 2003. In this series, the resected rolandic cortex was further subdivided into upper, middle, or inferior portions for functional reasons. Most of the patients were adults with a follow-up of 3 years. Lesions were identifiable in the central region in virtually all patients. Seizure outcome was Engel Class I in 31% and Engel Class II in 15%. Patients in whom electrocorticography showed infrequent postresection spikes and no spikes distant to the resection margin, and those in whom resection was done in the precentral and inferior rolandic region, had better seizure outcomes. Understandably, patients with resections in the upper rolandic region and those with large middle rolandic resections had the most severe deficits postoperatively.
Recently, Behad et al. 2 have reported on their surgical series of 24 children with refractory rolandic epilepsy. The majority of the patients underwent rolandic lesionectomy or sensorimotor corticectomy. Six children underwent MSTs alone in this series. Engel class outcomes depended on whether lesionectomy, corticectomy, or MSTs were performed, but an overall Engel Class I-II outcome was observed in 77% of patients.
The child with intractable rolandic epilepsy typically undergoes numerous investigations before a decision is made for surgery. These investigations include EEG, prolonged video-EEG, MR imaging with special epilepsyprotocol sequences, fMR imaging, FDG-PET, SPECT, Wada testing when indicated, neuropsychological testing in cooperative patients, and MEG. Our series is unique in that all patients underwent MEG as part of their workup for epilepsy surgery. Sixteen children had a central or perirolandic spike cluster on MEG. This information was helpful in selecting patients for surgery, planning grid size for invasive monitoring, and, when linked to neuronavigation platforms, in defining regions of spike clusters in relationship to the intraoperatively determined motor and somatosensory cortices as well as known lesions in this region. The use of MEG was of particular value in localizing the SEF at the outset of intraoperative brain mapping, which was validated with direct cortical stimulation of the precentral gyrus for motor responses.
There were 15 children in whom the primary epileptogenic zone encompassed the primary motor cortex (4 motor hand and 11 motor face). As expected, these children developed hemiparesis affecting the contralateral limb or contralateral side of the face. There were 19 children whose lesions or epileptogenic foci were in the postcentral gyrus abutting the motor cortex. In these cases, we typically used an intragyral subpial resection in which the cortex is removed down to the white matter, but not beyond so as to avoid interfering with the descending corticospinal tract fibers. Because the majority of our patients had undergone detailed extraoperative mapping of the motor cortex involving the subdural grids, we did not feel compelled to use "awake craniotomy" under neuroleptic analgesia, which is an option in such cases. In more recent times, we have been using the technique of "train-of-5" continuous motor monitoring while removing cortex adjacent to eloquent brain. With this technique, if motor tract stimuli can be recorded throughout the procedure, even if diminished to some degree, motor recovery has been gratifying in all cases. 45 Despite the anatomical preservation of the corticospinal tract following many of our resections, an extensive resection of the somatosensory cortex and adjacent anterior parietal lobe was accompanied by a profound immediate postoperative deficit in some children. In these cases, recovery of the affected limb typically began within the 1st week postoperatively and was virtually complete by the 6-week to 3-month follow-up clinic appointment. At times, it was difficult to ascertain the difference between a primary motor deficit in these children and a profound sensory neglect or proprioceptive disturbance. As recovery typically took place in a progressive fashion, the motor deficit found in some instances most likely represents the latter. In support of this, Mikuni et al. 29 have described the occurrence of a motor deficit in a patient who underwent resection of a cortical dysplastic lesion in the deep foot sensorimotor area. Recovery of motor function was complete by 2 weeks.
The creation of a temporary or permanent weakness in the contralateral extremity following resection of the postcentral gyrus may not be altogether surprising based on observations made in early anatomy textbooks and experimental work in the field. Carpenter 6 has described contributions to the corticospinal tract from the parietal lobe, including the postcentral gyrus. Other authors have reported that 80% of the total motor response can be elicited from precentral stimulation and 20% from postcentral stimulation. 36, 37 It has been estimated that ~ 30% of the fibers within the corticospinal tract are composed of neurons whose cell bodies lie within the parietal lobe, including the postcentral gyrus. The fact that recovery of motor and somatosensory deficits can occur quite readily after surgery in the rolandic region suggests an underlying degree of neural plasticity that can occur, especially in the young child. Sanes and associates 46 have reported that finger and wrist movements activated a wide expanse of the posterior precentral gyrus and that multiple sites of activation occurred in the precentral gyrus for all movements. Building on this observation, Duffau 12 noted that multiple cortical representations for hand and forearm movements exist in the primary motor cortex, and some of these are unmasked upon the removal of a lesion within the rolandic region. There is also a literature on the modulation of cortical motoneuron excitability by somatosensory input. 15, 16 Matsumoto et al. 28 used cortical evoked potentials at the time of invasive monitoring in patients with epilepsy to demonstrate the importance of a cortical-cortical network connecting areas of the sensorimotor cortex and the supplementary motor cortex. Finally, Hinkley et al. 18 used fMR imaging and MEG studies to show that specialization within the somatosensory cortex is ultimately integrated for outputs in the primary motor cortex. It is perhaps this ability of the motor cortex to reorganize itself that contributes to the motor functional recovery observed in children following rolandic resections. Interestingly, in some of our patients, preoperative MEG showed ipsilateral activation of the motor cortex, a finding that may bode well for motor functional recovery postoperatively.
The resection of extensive areas of the central region in the dominant hemisphere led to transient dysphasia in 4 of our patients despite mapping data from intracranial recordings to suggest that speech should not be impacted in these patients. This observation has also been noted by Lehman et al. 25 and Cukiert et al. 9 in their series of patients surgically treated for epilepsy arising from the sensorimotor face area. Whether this transient dysphasia is related to interruption of contiguous language networks, or a profound neurapraxia associated with impairment of unilateral face and tongue motor pathways is unknown. In the 2 cases reported here, the inferior aspect of the rolandic resection abutted the inferior frontal gyrus. Accordingly, known language fiber bundles such as the arcuate fasciculus could have been transiently affected by the trauma of surgery and postoperative cerebral swelling.
The most difficult decision facing the patient and the treating epilepsy surgery team is whether the primary motor hand or leg cortex should be included in any nonlesional resection to control epilepsy arising from the rolandic region. The failure for return of fine-finger movement is thought by many to be too profound a deficit to give to patients. In a review of our series, 3 children had a worsened motor deficit affecting motor hand. In 1 of our cases (Case 10), a motor hand sparing procedure was performed using MSTs, despite the invasive monitoring data that suggested that the motor hand area should be included in the resection to maximize seizure control. Unfortunately, this child continues to have seizures, and his hand function, while good, is still somewhat impaired.
While surgery in the rolandic region was well tolerated by our patients, there were some unexpected outcomes. In 1 child (Case 8), there was a delayed deterioration in motor function noted some 5-7 days after cortical resection (Fig. 5) . This child underwent repeated imaging studies that showed marked enhancement in the bed of the resected region, as well as notable surrounding cerebral edema. In this case, a short course of intravenous steroids was used, and the motor deficits returned to baseline within a few days. Although we do not know the reason for such secondary deterioration, it is conceivable that the edema represents trauma from extensive neurosurgical resection, as well as possible interference with the venous drainage patterns of the surrounding cortical regions. An arterial ischemic injury seems unlikely because diffusion weighted MR imaging studies have failed to demonstrate changes compatible with infarct or ischemia. Accordingly, wherever possible now, we will perform a series of intragyral resections and preserve the venous pattern of drainage on the cerebral cortical surface.
The seizure outcomes of children in our series of rolandic resections do not approach those reported, for example, in children with temporal resections or temporal lobectomy. 3 Based on the literature, we found that rolandic epilepsy of the type described in our series is associated with Engel Class I or II outcomes in ~ 40-77% of patients 8, 39 compared with 70-90% in children undergoing temporal lobectomy. 3 Although the Engel outcome class after seizure surgery is a worthwhile measure of success, it may not be the best tool for evaluating children undergoing rolandic resections. In general, children with intractable rolandic epilepsy who are candidates for surgery have a seizure frequency and seizure pattern that is arguably more debilitating than seizures arising from other regions of the brain. In our series, the mean seizure frequency was on the order of 21 per day. Progressive cognitive decline was a common feature in the majority of patients.
There were failures in our series. In 1 child with intractable epilepsy, the epilepsy remained intractable after rolandic resection. This child ultimately required a hemispherectomy and is now in Engel Class I. The final diagnosis was widespread cortical dysplasia, which was not demonstrated on MR imaging. In another child whose seizure outcome was not helped by surgery, pathological examination showed diffuse astrocytic inclusions in all specimens obtained at surgery. The astrocytic inclusions were composed of dense aggregations of filamin, a protein of the cytoskeleton that influences cell morphology. 17 A hemispherectomy has been recommended for this child. In all cases of poor seizure outcome following rolandic resections, we recommend repeated interictal and video-EEG recordings, MR imaging, and MEG. In 1 of our patients with Engel Class I outcome (Case 9), a return of seizure activity > 2 years after the initial cortical resection led to a repeated MEG, which showed a spike cluster at the margin of the previous resection. This child then underwent excision of this spike cluster, without further invasive monitoring, and outcome has now returned to Engel Class I.
Conclusions
In summary, rolandic cortical resections can be performed in children with intractable epilepsy with expected morbidity. Worsened immediate postoperative motor function can be anticipated following extensive resections that either involve or abut the primary motor cortex. However, functional recovery occurs stepwise and progressively in most children whose primary motor cortex involving arm and leg has been spared. Seizure outcome is good when one considers the natural history of this form of intractable epilepsy or when treatments such as MSTs are used in this region. Our future studies are aimed at an analysis of fMR imaging and diffusion tensor imaging sequences before and after surgery to increase our understanding of the functional neuronal reorganization that takes place after surgery in children, as well as to characterize more fully the impact of rolandic cortical resections on patients' longterm quality of life.
Disclosure
This work was supported through funds from the Wiley Fund at The Hospital for Sick Children.
